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which is a linear combination of plane waves with ! = ck =





In order to solve the elastic scattering problem, ! =
!() !(k) = 0, we apply appropriate boundary conditions
at the end-facet of the ber; continuity of 	 and @	=@z. At
z = 0 we thus get two equations determining the reection
amplitude R and the transmission amplitude T . Elimi-



































is the Bessel function of the rst kind
of order 0, and n
e
= =k is the eective mode-index.
Eq. (8) is the exact solution to the scattering problem and
in contrast to many approximate text-book expressions (see
e.g. Refs. [4]) we have here treated the scattering problem
correctly including the small, but nite, backscattering in
the ber. Thus, we take into account the possible ltering
in transmitted k
?
at the ber end-facet. The solution has
similarities with the Hankel transform usually employed
in the far-eld inversion integral technique, see e.g. [5].
Numerically we have found that Eq. (8) gives a close-to-
Gaussian eld in the far-eld limit.
In Fig. 2 we compare the two approximate solutions
Eqs. (3,4) to a numerically exact calculation of tan 

from
Eq. (8). The calculation is performed for the realistic sit-
uation with n
e
= =k = 1:444 corresponding to a silica-
based ber. For kw  1 the deviations increase because
of the small, but nite, backscattering at the end-facet of
the ber. For kw somewhat larger than unity a very nice
agreement is found. A typical all-silica ber like the Corn-
ing SMF28 has kw > 10.
III. Application to photonic crystal fibers
We consider the class rst studied in Ref. [2] which con-
sists of pure silica with a cladding with air-holes of diameter
d arranged in a triangular lattice with pitch . For a review
of the operation of this class of PCFs we refer to Ref. [6].




























Indeed we nd that the corresponding Gaussian of width
w accounts well for the overall spatial dependence of the
eld. Of course we thereby neglect the satellite spots seen
in the far-eld [2], but because of their low intensity they
only give a minor contribution to the NA [8].
For the eld H of the PCF, fully-vectorial eigenmodes
of Maxwell's equations with periodic boundary conditions
are computed in a planewave basis [9].
Figure 3 illustrates the eective mode-index and eective
area as a function of wavelength for a PCF with d= =


















Plot of tan  as a function of the dimensionless parameter
kw. The points are the results of a numerical exact
calculation from Eq. (8) for a mode with effective index,
n
e
= =k = 1:444. The full and dashed lines show the





























Effective mode-index (solid line, left axis) and effective
area (dashed line, right axis) of a PCF with d= = 0:15.





































Half-divergence angle (solid line, left axis) and kw (dashed
line, right axis) of a PCF with d= = 0:15.
0:15. The rst PCF fabricated by Knight et al. [2] of
this kind had a pitch of  = 2:3m and was found to
be single-mode in the range = between 1:5 and 6:8. In
Fig. 4 we show the corresponding half-divergence angle. We
have also shown the value of the dimensionless parameter
kw (dashed line, right axis); the magnitude justies the
application of the approximate result in Eq. (3) to PCFs.
We note that for non-linear PCFs [10] the value of kw will
approach the regime where deviations from Eq. (3) arise.
In Fig. 5 we show the half-divergence angle for dierent
hole sizes where the ber is endlessly single mode [11]. For
small hole sizes d= we note that in practice the operation
is limited by a signicant connement loss for long wave-
lengths where the eective area increases [12]. In Fig. 5
this can be seen as a bending-down of  for small =. In
general the NA increases for increasing hole size and xed
pitch and wavelength. By adjusting the pitch  and the
hole size d this demonstrates a high freedom in designing
a ber with a certain NA at a specied wavelength.
In order to verify our calculations experimentally a PCF
with d=  0:53 and  ' 7:2m has been fabricated. In
Fig. 6 we compare our calculations to a measurement of the
NA at the wavelength  = 632 nm. As seen the calculation
agrees well with the measured value.
IV. Conclusion
We have studied the numerical aperture (NA) of pho-
tonic crystal bers (PCF). The calculations is based on the
approximate \standard" result  ' tan
 1
(=w) which we
have found to be valid in the regime relevant to PCFs. As
an example we have applied it to the ber rst fabricated
by Knight et al. [2]. By studying the eect of dierent hole
sizes we have demonstrated that the PCF technology have

































Half-divergence angle of a PCF for different hole sizes.
Fig. 6
Half-divergence angle of a PCF with d=  0:53 and
 ' 7:2m. The solid line is a calculation based on the ideal
structure and the data points are measurements at
 = 632nm, 780nm, and 980nm of the fiber shown in the
lower right insert. The upper left insert shows a near-field
image at  = 632nm.
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